In the present study, the twin disc machine and the light rail system was employed in order to investigate the ability of oil-based friction modifier (FM) 
INTRODUCTION
In the last decade, friction modifiers (FMs) have been used in order to control friction in wheelrail contact. The solid FM was already employed in Vancouver, Canada by the end of the eighties because the new track was corrugated a few months after its opening [1] . This investigation showed that the application of solid FMs can suppressed roll-slip oscillation which is a one of the initiation mechanisms of corrugation [1] . Subsequently, the liquid version of FM (waterbased FM) was developed in 1996. Eadie et al. [2] reported that the water-based FM can reduce both squeal and flanging noise. Then, other authors showed by field tests that the waterbased FMs are able to delay or completely avoid the corrugation formation for different wheelrail systems [3] [4] [5] . Tomeoka [6] and Suda [7] reported on-board friction control systems for trains where FMs were sprayed on the top of the inner rail at curves. Their findings have shown that both lateral and tangential forces as well as lateral force fluctuation were reduced after the application of FM [7] . The positive influence of water-based FM on wear and, in particular, on rolling contact fatigue was described in [8] where coal trains were used.
Beside the noise and corrugation reduction, the effect of FMs on adhesion has been studied in recent years [9] [10] [11] . Areiza et al. [9] measured RESEARCH the coefficient of friction (COF) on the rail using a hand-pushed tribometer when oil-based FMs were manually applied on the top of rail. It was observed that FMs can cause a low COF, even lower or the same as in the case of flange lubricants. Similar findings were reported for the laboratory investigations where commercial oilbased FMs and a ball-on-disc apparatus were used [10] . Moreover, Lundberg et al. [11] reported that too much FM results in an unacceptably low friction coefficient (0.13-0.16), also for water-based FMs. All these studies pointed out that FM can be risky in terms of critical adhesion which can result in an unacceptably long braking distance.
An application of FMs seems to be a suitable approach to the reduction of noise, vibrations and corrugation which represent one of the most important problems of railway transportation, especially in urban areas. However, the recently published articles [9] [10] [11] indicate that oil-based FMs can have a negative impact on traction or braking. With respect to these articles, the aim of this case study is to clarify the hypothesis that oil-based FMs are able to optimize adhesion and reduce noise emitted by the contact without a serious risk of adhesion loss. For this purpose, the laboratory experiments using twin-disc machine was carried out at first. Subsequently, FM was used in a real track in Brno (Czech Republic). This track is characterized by corrugation and unpleasant noise which represent the typical problems in curves [12] . The conclusions of this article can bring important findings both for safety of rail transportation and for railway owners.
MATERIAL AND METHODS

Twin-disc machine
The used twin-disc machine is schematically depicted in Fig. 1 . The wheel-rail contact is simulated using a pair of discs with a diameter of 40 mm. Both discs are made from the bearing steel 100CrMn6 with hardness of 60 HRC and initial roughness of Ra 0.4 µm. The upper disc representing the wheel is cylindrical whereas the lower disc is rounded with a radius of 50 mm. This contact configuration leads to the elliptical contact area (according to the Hertz theory, see Fig. 1b ) which is typical for the real wheel-rail contact. Each disc is independently driven by an AC motor with shaft encoder; thus, the slide-to-roll ratio (SRR) in the contact can be accurately set and controlled according to the following equation:
where u1 and u2 are the entrainment speeds of discs and r1 and r2 are the disc diameters. The mean speed can be controlled over the range of 0 to 2 m/s. The required contact pressure is realized by the spring-screw loading system which is located, as well as the load cell for normal force, at the end of the loading arm, see Fig. 1a . Quick unloading of the contact is ensured by an AC motor-driven screw jack. The lower disc is mounted on the steel plate which is suspended on the flexible linkages. These linkages allow for a transfer of friction force from the contact to the load cell for friction force. Based on these data, the adhesion coefficient is evaluated:
where FT and FN are the friction and normal force respectively. Beside the friction and normal forces, temperature and air humidity can be measured and controlled using the environmental chamber. Moreover, the support of the lower disc enables to set a different angle of attack (AoA); thus, the passage of a vehicle through a curve is simulated, see Fig. 1c . AoA can be adjusted in the range from -10° to 10°. 
Wheel-rail system
The employed wheel-rail system is a light rail in Brno, Czech Republic. For testing purposes, a curve with a radius of 200 m (parallel tracks with rail profile 49E1) was employed because of unpleasant railway noise and corrugation of both rails, see Fig. 2 where the complete track characteristics can be viewed. The off-board system for FM application is located near the curve and simultaneously far enough from the next station where the trams need to decelerate. The tram with four driven and braked wheel axles with axle load of 4 t was used. It should be noted that no adhesion control system was applied during tests.
Off-board system and friction modifier
The used wayside lubrication system is depicted in Fig. 3 . This system allows to apply FM with lubricant viscosity class from NLGI-0 to NLGI-2. FM is applied on the top of the rail using the application strip and the high-pressure pumping device with working pressure of 250 bar. The entire lubrication process is activated by the vehicle-presence sensor which detects the individual tram axles. Based on the signal from this sensor, the control unit applies a dosage of FM. This system enables to set a duration of dosage and also a specific number of axles to pass before the system is activated. It should be emphasized that application bars (strips) are on both rails, see Fig. 3 . In this study, the oil-based FM with NLGI number 1 was utilized. This FM contains plant oil, thickener, and Cu and Zn flakes with the predominant size in the range of 4-10 as was described in [10] . This range of particles is typical for the so-called High Positive Friction modifier (HPF) providing the intermediate level of adhesion and positive friction characteristic. This FM was chosen based on the suitable friction behaviour, particularly N-shape behaviour, which was found in the previous authors' study [10] . Another reason is the fact that this FM is already commonly used in Europe.
Experimental procedure
Laboratory tests
During laboratory experiments, the adhesion coefficient and level of noise were evaluated. All tests were carried out under the following conditions: contact pressure ph = 0.8 GPa, mean speed um = 1 m/s, SRR = 0.08 and under ambient temperature ta = 23°C and humidity of 40%. FM was applied on the disc using a micropipette which is able to apply liquid substances from minimum of 1 μl (error ± 0.04 μl). In this study, the effect of FM quantity was investigated for four quantities: 1, 2, 3 and 4 µl. The experimental procedure was as follows:
1. To reach the dry level of adhesion the run-in test was carried out.
2. Setup of required AoA. The value of AoA was 4° for all laboratory experiments in this study. This value is typical for reversing loops.
3. Application of given quantity of FM into the contact path on the disc.
Start of the main experiment with FM:
adhesion and sound level measurements. The experiment was finished when the adhesion coefficient was recovered to the dry level of adhesion.
Ultrasonic cleaning of discs.
Field tests
Two different types of field tests were performed in this study. At first, the braking tests with various quantities of FM were conducted to evaluate the appropriate quantity in terms of the braking distance extension. Each braking test started in the station by acceleration of the tram to the required speed of 40 km/h. This speed has to be reached before the tram approaches the off-board system. Subsequently, when the off-board system is reached, the tram driver applies the maximal braking power and the braking distance is recorded. This represents the worst case scenario which can occur in real operation. Each braking test includes the following procedures:
1. Tests under baseline (dry) conditions. These tests were carried out three times in order to investigate the repeatability of experiment.
Based on these tests, an average value of braking distance under baseline conditions was calculated. Subsequently, this average value was used as a reference value for test with FM.
2. Application of given quantity of FM on the top of both rails. In this case, the sensor detecting the vehicle was not used because the tested quantity was always applied prior to the beginning of the experiment.
3. Tests with FM included several passes of the tram in order to determine the changes in braking distance. It should be noted that the tram went to the next station and back after each individual pass in order to spread FM all over the tested track. Fig. 7 .
Comparison of braking performances under baseline and FM conditions as is depicted in
Once a braking test was completed, the off-board system was turned off for one week. This time period should ensure that almost all FMs were removed from rails by passing trams. After one week, points 1-4 were conducted again for another quantity of FM. In this study, three different quantities of FM were successively tested, specifically 1, 2 and 4 g. Manufacturer's recommended quantity of tested FM is approximately 2 g per 100 axles.
The second type of field tests dealt with the sound level measurements. These measurements were conducted for both baseline conditions (without FM) and the conditions with application of FM. For these measurements, only one quantity of FM was tested with respect to the results of braking tests. These measurements were conducted in real operating conditions.
Sound measurements
Sound level measurements were carried out using a hand-held analyser, Brüel & Kjaer type 2270. During the laboratory experiments, the microphone of analyser was mounted 1 m above the floor (10 cm above the contact of discs) and 50 cm from the contact in the horizontal direction. Microphone was oriented towards the contact of discs. The sound level LAF was evaluated from the application point to the moment when the adhesion coefficient was recovered to the dry conditions. During field tests, the analyser was placed 7.5 m from the centre of the track with the microphone of analyser 1.2 m above the ground.
RESULTS AND DISCUSION
Laboratory tests
The adhesion measurements are collected in Fig. 4 . During these measurements, the lasting effect and the time period when a critical adhesion occurs were evaluated. In this study, the lasting effect is considered as the time period between the application point and the moment when the adhesion coefficient reaches the value of 0.35 as is depicted in Fig. 4 . Above this value, the effect of FM on adhesion as well as on the reduction of sound level is nearly negligible. From Fig. 4 , it is obvious that the lasting effect of FM extends with an increasing quantity of FM. A similar trend of friction curves, depending on the applied quantity, was previously found for both oil-based and water-based FM [10, 11] . In the present study, the results showed that the smaller quantities (1 and 2 µl) do not provide the stable level of adhesion at the intermediate adhesion level, see Fig. 4 . In these cases, the performance of FM is markedly affected by starvation of contact, which was described in detail in [14] . In contrast, the quantities 3 and 4 µl can be considered as the suitable quantities because they exhibit the so-called N-shape behaviour which was described in [15] . This behaviour is characterized by the stable part of adhesion after the initial adhesion. This N-shape behaviour extends the lasting effect of FM; thus, also the wear rate is also reduced. However, it should be emphasized that the quantities providing the N-shape behaviour (3 and 4 µl) cause a critical adhesion during the first 50 cycles after the application of FM, see Fig. 4 . The tendency to poor adhesion conditions after the application of both water-based and oil-based FM was previously observed in both laboratory and real conditions [10, 11] . These adhesion losses can have a large impact on braking/traction performance; thus, the safety of railway transportation can be affected especially near the station or when climbing a slope. Sound level measurements showed that all tested quantities of FM reduce noise from 97 dBA (baseline conditions) to 64-68 dBA immediately after the application of FM, see Fig. 5 . Subsequently, a gradual increase in adhesion and sound level pressure occurs when the adhesion coefficient reaches the high adhesion level (µ > 0.35), see Fig. 6 . Then, the slope of sound and friction curves was changed and a higher scatter of sound data was observed. Based on these experiments, it can be concluded that the quantities 2, 3 and 4 µl provide a significant noise reduction for tested conditions. In contrast, the effect of 1 µl seems to be almost insufficient for noise reduction because of the fast recovery of sound level pressure to baseline conditions. These laboratory measurements show that the quantities exhibiting advantageous N-shape behaviour ensure a substantial decrease in sound level; moreover, a reduction of wear rate can be expected. On the other hand, the critical adhesion can easily occur during the first passes of the tram.
Field tests
With respect to the laboratory investigation, the experiments with various quantities (4, 2, 1 g/rail) were performed first to evaluate their impact on braking distance of the tram. The first braking test was conducted with 4 g of FM per single rail, see Fig. 7 . This figure shows the change of tram braking distance for several consecutive tram passes. It is evident that the braking distance was considerably extended in all tram passes in comparison with baseline conditions. It should be noted that the longest braking distance was observed in the second and third tram pass while the braking distance closest to baseline conditions was found for the first pass after the application of FM. During the second and third pass, slide of wheel (complete wheels slip) occurred as a result of high quantity of FM on the rails. This slide of wheels has a negative impact on both contact bodies (flat spot, rail joints, etc.) and also on a brakes of vehicle as a result of high temperature between wheel and brake shoes [16, 17] . On the contrary, in the fourth pass, wheels slide was not detected but some wheels were still under slip. In the case of the following passes, no slip was observed; thus, the shorter braking distances were evaluated.
At the end of the braking test No.1, the spreading ability (carry distance) of FM over the rails was evaluated, see Fig. 8 . From this figure, it is evident that FM was found at the distance of 100 m from the application point, observed with naked eye. This observation suggests that if the reasonable quantity of FM is applied, the carry distance is rather limited compared to the previous published results where these distances reached several miles [18] . However, this shorter carry distance can be advantageous to light rail systems or metros because a braking performance of vehicle near the next station should not be already influenced. The braking test No.2 was conducted with 2 g of FM per single rail. The results showed that the trend of the braking distances was almost the same as in the braking test No.1. While the effect of FM on braking distance was almost negligible during the first pass, it became essential for the next three passes. It should be noted that the braking distance started to decrease after the third pass although the slide of wheels occurred in the following two passes. It can be expected that if the next pass was carried out, the braking distance would be the shortest and simultaneously the slide of wheels would not occur as well as in the case of the braking test No.1.
The last braking test (No.3) was performed with FM quantity of 1 g/rail. The results showed that the extension of braking distances was negligible for all passes. Moreover, no slide of wheels was observed. It is apparent that the trend of braking distances was the same as in the previous braking test. It should be noted that the braking distance was even slightly shorter during the first pass with FM than under baseline conditions.
The above-mentioned braking tests give the evidence that the larger quantity of FM (4 and 2 g/rail) can endanger the safety of rail transportation especially during the second and third passes after the application of FM where inadequate long braking distances were found. On the contrary, in the first pass, the effect of FM on braking performance was not as significant as expected. This behaviour can be explained as follows: the FM film is formed on top-of-rails during the first pass. It means that the braking performance during the first pass is influenced both by FM and the braking ability of dry contact. Regarding the safe braking distance of tram, the quantity of 1 g/rail seems to be the optimal quantity (from among the tested quantities). With regard to the braking tests, the quantity of 1 g/rail was selected as a suitable quantity in terms of braking distance for investigation of FM effect on noise. The quantity of 1g/rail of FM was applied every 100 axles. As it is clear from Fig. 9 , FM was applied on the day 1 and 4 whereas the experiments during the day 2 and 3 were carried out under baseline conditions (without FM). Fig. 9 shows that there is no positive effect of FM on noise reduction in spite of the fact that FM was visible on the top-of-rails. These findings showed that the quantity of 1 g/rail appears to be inefficient in terms of noise reduction. This is in accordance with laboratory measurement with 1 µl where the effect of FM on noise reduction was almost negligible because of rapid increase of sound level to baseline conditions. Other authors reported that water-based FM can reduce a squeal noise about 12 dB for tram/light rail system [2] . However, the effect of FM on adhesion or braking distance was not studied in [2] . It can be reasonably expected that the larger quantities used in this study (e.g. 4 g/rail) are able to considerably reduce noise as in the case of [2] but there is a significant impact on braking distance. Inability of FM to reduce noise can be explained by the absence of squeal noise on the test track. It suggests that FM is probably not able to reduce the other type of wheel/rail noise.
This study suggests that if the wheel-rail contact is overdosed by oil-based FM, the slide of wheels can occur; it results in significant impact on the length of the tram braking distance. Moreover, flat spots can be formed on wheels due to the wheel slide. This conclusion is in a good agreement with the previous field study conducted by Lundberg et al. [11] . They revealed that the adhesion coefficient was strongly dependent on the quantity of FM in the contact, and the application of large quantity of FM led to unacceptably low adhesion coefficients (on average 0.13-0.16). This decrease of adhesion can be catastrophic with respect to the length of braking distances. A similar drop of COF was observed in [9] where a hand-pushed tribometer in real railway system was used. In this case, COF was reduced to 0.15 and 0.13, depending on the contact pressure, when FM was applied. Beside the field tests, the laboratory experiments also show that oil-based FMs can cause adhesion losses after application of FM [10] . In [10] , this behaviour was explained as an effort of metal particles to avoid the point contact under fully flooded conditions. However, considering that the width of the real contact area is several times larger compared to the ballon-disc apparatus employed in [10] , it can be assumed that the metal particles enter the contact. Furthermore, the metal particles were identified on the top-of-rail surfaces after the braking test with high quantity of FM, see Fig. 8 . In author's opinion, adhesions, as well as the braking distance, are controlled by the metal particles contained in FM only in the case of small quantity of FM. Provided that the quantity of FM is high, adhesion is controlled especially by the base oil and it results in poor adhesion conditions.
It should be noted that the results mentioned above do not correspond with the field study carried out by Yu et al. [18] . This study reported that FM has no negative impact on the train braking. However, FMs used in this research were water-based and petroleum-based. Moreover, a heavy haul freight train with many wagons was employed, so the operating conditioned significantly varied. Based on this, it can be expected that the oil-based FM can cause a poor adhesion and wheels slide in an easier way than the water-based (drying FM) or petroleum-based FM. In addition, commuter trains and trams are probably more prone to wheels slide in comparison with heavy haul freight trains, as was reported in [19] . It should be noted that poor adhesion occurring immediately after the application of oil-based FM may be suppressed using the on-board system. In this case, FM is gradually sprayed over the rails thus avoiding an overdose of contact by FM.
CONCLUSION
The laboratory and field investigations focused on the effect of quantities of commercial oilbased FM on sound level and adhesion or tram braking distances have been presented in this paper.
The laboratory measurements showed that the larger quantities provide the significant noise reduction but critical adhesion occurs immediately after the application of FM. In contrast, smaller quantities are able to decrease both sound and adhesion without the risk of braking performance. However, these smaller quantities did not lead to the N-shape behaviour; thus, the lasting effect is rather limited.
In the case of field experiments, it was suggested that if the contact is overdosed by FM, then the braking distance can be significantly extended. The most critical passes were especially the second and third one after the application of FM which was accompanied by wheel slide. It means that under these conditions, the braking performance is significantly limited. It can be assumed that there is a limit for FM quantity below which the adhesion is mainly controlled by metal particles contained in FM, while above this quantity the adhesion is mainly given by the base medium. With regard to both laboratory and field results, the applied quantity appears as a crucial parameter for top-of-rail friction modification.
From laboratory and field investigations it is evident that it is quite difficult to achieve a reduction of sound level without the significant extension of braking distance as a result of critical adhesion.
The sound level measurements under real operating conditions showed that there is no positive effect of FM (1 g/rail) on noise reduction in spite of the fact that FM was visible on the top-of-rails.
